Abstract-The primary wave energy conversion by a threedimensional bottom-mounted oscillating water column (OWC) wave power device in regular waves has been studied. The linear potential boundary value problem has been solved following the boundary matching method. The optimum shape parameters such as the chamber length and the depth of the front skirt of the OWC chamber obtained through two-dimensional numerical tests in the frequency domain have been applied in the design of the present OWC chamber. Time-mean wave power converted by the OWC device and the time-mean second-order wave forces on the OWC chamber structure have been presented for different wave incidence angles in the frequency-domain.
I. INTRODUCTIONIN
The oscillating water column (OWC) wave power device consists of a partially submerged pneumatic chamber. The chamber encloses an oscillating water column separated from the outer surface waves by a front skirt while exposed to the outer wave field through an underwater opening below the skirt. The motion of the water column due to the incident waves produces a low pressure reciprocating air flow through a duct open to the atmosphere where a power take-off mechanism can be installed. In this paper, the primary wave energy conversion of a three-dimensional bottom-mounted OWC wave power device in regular waves has been studied. The theory of wave energy absorption by the OWC device has been presented in [1] and [2] for fixed devices and in [3] for multiple floating devices. In this paper, the linear potential boundary value problem has been solved following the boundary matching method [4] . The linear potential boundary value problem outside the OWC chamber has been formulated using the improved Green integral equation associated with the finite-water-depth free-surface Green function while the potential problem inside the OWC chamber using the Green integral equation associated with the fundamental Green function taking into account the oscillating air pressure on the free surface inside the chamber. The oscillating pressure drop in the pneumatic chamber above the OWC has been represented by a product of the mean air flow velocity through the duct in the air chamber and an equivalent linear damping which is given as a complex-valued parameter. Matching the inner and outer potentials as well as their normal derivatives on the boundary common to the inner and outer regions, the whole potential boundary value problem has been solved. Numerical solutions have been obtained via discretization using threedimensional constant boundary element method. The magnitude and the peak frequency of the absorbed wave power depend significantly on shape parameters such as the chamber length and the depth of the front skirt of the OWC chamber. In order to clarify the effects of the shape parameters in view of the wave energy absorption efficiency, preliminary twodimensional numerical tests were carried out in [5] . The results of the parametric tests have been used for the design of the present OWC chamber.
II. FORMULATION OF POTENTIAL PROBLEM
A bottom-mounted OWC chamber structure is located in finite depth water. Cartesian coordinates (x,y,z) are employed with the origin o in the plane z=0 inside the chamber. A schematic view of the OWC chamber is shown in Fig.1 where l F denotes the chamber length, d S the depth of the front skirt, F e the outer free surface and F i the inner free surface respectively. Assuming that the fluid is incompressible, the flow irrotational and the capillarity negligible, the complex-valued fluid velocity is given by the gradient of the complex-valued velocity potential as follows. 
Due to diffraction of waves by the structure, Ψ is commonly expressed as the sum of the incident wave potential Ψ 0 and the scattering wave potential Ψ S as follows.
The complex-valued incident wave potential is expressed as follows. 
where ζ 0 denotes the amplitude of the incident wave, ß the incident angle of wave relative to the positive x-axis, H the water depth and m 0 the wavenumber satisfying the linear dispersion relation for finite depth waves defined as follows.
where g is the gravitational acceleration.
The time-mean incident wave power per one meter width of wave-front can be obtained as follows.
where Cg is the group velocity defined as follows.
Due to the wave diffraction, wave power devices cannot completely absorb the incident wave energy.
Here, we assume that pressure drop through the duct in the OWC chamber is linearized as follows.
where γ=μ+iν denotes the complex-valued equivalent linear damping parameter, U D complex-valued mean velocity of the air flow through the duct and p C complex-valued air pressure in the chamber. Since the relative volume flow rate thorough the duct must be equal to that through F i at its mean position, we have
where A D denotes the sectional area of the duct.
Then the linearized free surface boundary condition can be found as follows.
where α denotes a non-dimensional linear damping parameter defined as follows.
On the wetted surface S of the body, Ψ S satisfies
The scattering potentials Ψ S must also satisfy the radiation condition at infinities. Here, the entire fluid region is divided into D e , the region outside the chamber and D i inside by a control surface S C as shown in Fig. 1 . Applying Green's theorem to the potential and the finite-water-depth free-surface Green function G, we have the following improved Green integral equation for the potential in D e . 
where S i denotes the portion of S belonging to D i .
The boundary conditions on S C are as follows. 
where the superscripts + and -denote the inside and outside surfaces of S C respectively. Solving a system of integral equations obtained after combining the integral equation in the outer and inner regions with the aid of the matching boundary conditions on S C , we can obtain the following solutions.
where ψ and ψ C are solutions due to the first term and the integral in the second term of the right-hand side of (16) respectively. Using (10) and (19), the unknown U D can be determined.
III. TIME-MEAN WAVE POWER AND WAVE LOADS
The hydrodynamic pressure p can be obtained by making use of the linearized Bernoulli equation. 
The complex-valued air pressure p C in the chamber can be obtained using (9). The external forces and moments acting on the OWC chamber structure due to p and p C can be obtained by integrating p over the wetted surface and p C over the surface in contact with air respectively. The time-mean drift force F d can also be obtained using the near-field method presented in [6] . 
where ζ denotes the wave elevation along the waterline W of the chamber structure. The wave height inside the chamber can be obtained as follows.
The time-mean value of the wave power converted by the OWC device P m can be obtained using a near-field formula as follows. 2 
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Validation of (23) can be seen in the analogous twodimensional numerical study where the absorbed wave power obtained using (23) has been shown to agree well with that obtained using the far-field formula [7] .
IV. NUMERICAL RESULTS AND DISCUSSIONS
A series of computations for a bottom-mounted OWC chamber have been carried out. Discretization of the wetted surface of the chamber is shown in Fig.2 . Main particulars of the chamber are presented in Table 1 . Numerical results for a three-dimensional OWC chamber with longer l F were presented in [8] . Five different damping parameters -0, 100+10i, 200+20i, 300+30i, 400+40i -have been used in the present computations. The time-mean wave drift forces acting on the OWC chamber structure for wave incidence angle β=0, 45 and 90 degrees have been presented in Figs. 3-7. Figs. 8-10 show the time mean wave power P m /ζ 0 2 converted by the present OWC device for different damping parameters. They show that the optimum value of the damping parameter lies between 100+10i and 200+20i. This optimum value may be interpreted as a suitable physical factor for a secondary power take off mechanism. Fig. 8 shows that the peak period of P m for β=0 degrees is about 11 seconds. This peak period of P m for β=0 degrees coincides with the peak period of the time-mean wave drift force F X for β=0 degrees when γ =0 as shown in Fig. 3 . Fig. 10 shows that the peak period of P m for β=90 degrees is about 9 seconds. This peak period of P m for β=90 degrees also coincides with the peak period of the time-mean wave drift force F Y for β=90 degrees when γ =0 as shown in Fig. 7 . These facts suggest that the OWC chamber should be tuned to the peak period of the time-mean wave drift force to maximize conversion efficiency. 
V. CONCLUSIONS
The time-mean wave power P m converted by a threedimensional bottom-mounted OWC device using a linear damping parameter γ and the time-mean second-order wave forces on the OWC chamber structure have been presented for different wave incidence angles in the frequency-domain. The optimum damping parameter has been found by comparing the wave power curves for various damping parameters. It has been shown that the peak period of P m for the optimum damping parameter coincides with the peak period of the timemean wave drift force when γ =0. It suggests that the OWC chamber should be tuned to the peak period of the time-mean wave drift force when the OWC chamber is open to the atmosphere in order to maximize the primary wave power conversion efficiency. The curves of P m /ζ 0 2 can be used as the wave power response amplitude operators. Integrating the product of P m /ζ 0 2 and the wave energy spectrum in an irregular wave field over a frequency range, the convertible wave power in the wave field can be obtained. 
